The modeling of the ocean global circulation induced magnetic field is affected by various uncertainties that originate from errors in the input data and from the model itself. The amount of aggregated uncertainties and their effect on the modeling of electromagnetic induction in the ocean is unknown. For many applications, however, the knowledge of uncertainties in the modeling is essential. To investigate the uncertainty in the modeling of motional induction at the sea surface, simulation experiments are performed on the basis of different error scenarios and error covariance matrices. For these error scenarios, ensembles of an ocean general circulation model and an electromagnetic induction model are generated. This ensemble-based approach allows to estimate both the spatial distribution and temporal variation of the uncertainty in the ocean-induced magnetic field. The largest uncertainty in the oceaninduced magnetic field occurs in the area of the Antarctic Circumpolar Current. Local maxima reach values of up to 0.7 nT. The estimated global annual mean uncertainty in the ocean-induced magnetic field ranges from 0.1 to 0.4 nT. The relative amount of uncertainty reaches up to 30% of the signal strength with largest values in regions in the northern hemisphere. The major source of uncertainty is found to be introduced by wind stress from the atmospheric forcing of the ocean model. In addition, the temporal evolution of the uncertainty in the induced magnetic field shows distinct seasonal variations. Specific regions are identified which are robust with respect to the introduced uncertainties.
Introduction
Ocean circulation generates characteristic electromagnetic signals, as the moving salt ions interact with the ambient geomagnetic field. The so-called motionally induced magnetic field is to first order proportional to the conductivity-weighted and depth-integrated ocean velocities [Sanford, 1971] . This provides the opportunity to indirectly observe ocean global circulation by measuring the ocean circulation induced magnetic field (e.g., by satellites). Several studies cover the theoretical aspects of the oceanic induced electromagnetic fields, such as Larsen [1968] , Sanford [1971] , Cox [1980] , Chave [1983] , and Chave and Luther [1990] . In more recent studies, the focus is to estimate the strength and the patterns of the motionally induced magnetic field by utilizing ocean models. The modeling of motional induction due to ocean circulation (global and regional) is investigated by, e.g., Stephenson and Bryan [1992] , Flosad ottir et al. [1997] , Tyler et al. [1997] , Vivier et al. [2004] , and Manoj et al. [2006] . In further studies, motional induction due to tidal motion is addressed, e.g., by Tyler et al. [2003] , Maus and Kuvshinov [2004] , Kuvshinov et al. [2006] , Dostal et al. [2012] , Schnepf et al. [2014 Schnepf et al. [ , 2015 , and Sabaka et al. [2015] . Irrgang et al. [2016] investigate the influence of spatial and temporal variations of seawater conductivity on motional induction due to ocean circulation. The sensitivity experiments demonstrate the need to account for a realistic seawater conductivity distribution. However, the robustness of model-based results of motional induction, i.e., the influence of uncertainties in the modeling approach, has not yet been investigated. Any application of motional induction, e.g., the comparison of model results with observations, feasibility studies, or data assimilation, is only valid if the uncertainty is well characterized [e.g., Evensen, 1994] . Uncertainties in the modeling approach can arise from errors in the input data, as well as from errors in the simulation itself. Errors occur due to simplified physics and numerical schemes. Atmospheric forcing reanalysis products are provided by several centers. The discrepancies between the different reanalysis products were analyzed in several recent studies, e.g., Jakobson et al. [2012] , Decker et al. [2012] , Chaudhuri et al. [2013] , and Kim and Alexander [2013] . Particularly, wind stress and precipitation fields show nonnegligible discrepancies that can result in large uncertainties in the ocean circulation [Chaudhuri et al., 2013] . Consequently, the magnetic field, which is induced by ocean circulation, also contains errors due to atmospheric forcing. Additional uncertainties are introduced by errors in the ambient geomagnetic field and in the sediment conductivity, which also arise due to varying modeling approaches [see e.g., Lowes, 2000; Th ebault et al., 2015] or the application of heuristic methods [e.g., Everett et al., 2003] , respectively. Uncertainties in the modeling of the conductivity structure underneath the ocean and oceanic sediments may also influence the modeling of ocean-induced magnetic signals. However, due to the model approach used in this study (see section 2.1.2), the source of uncertainty in the mantle of the Earth is not considered in this study.
In this paper, the robustness of modeling the motionally induced magnetic field is systematically studied by investigating the influence of uncertainties in the modeling approach. This is accomplished by performing a set of ensemble simulations that incorporate different scenarios for error approximations. In this paper, the motionally induced magnetic field is calculated by coupling an ocean global circulation model and an electromagnetic induction model (see section 2.1). The combination of these two models was already used by Irrgang et al. [2016] and builds the basis for the ensemble experiments in this study. In particular, the focus of this study lies on magnetic signals, which originate from large-scale ocean circulation patterns and which are apparent at both sea surface and satellite altitude. Both models utilize additional input data, i.e., atmospheric forcing, ambient geomagnetic field, and oceanic sediment conductivity (see section 2.1). The intermediate objectives of this study are (1) the approximation of the major introduced error budgets by error covariance matrices, (2) the calculation of the aggregated uncertainty in the modeling of motional induction, and (3) the identification of spatiotemporal patterns in the motionally induced magnetic field that are robust with respect to introduced uncertainties. This paper is structured as follows. In section 2, the ocean model and the electromagnetic induction model are described. The setup of the ensemble simulations and the utilized data are depicted and the experiment design is explained (objective 1). The results are presented and discussed in section 3 (objectives 2 and 3). A summary and final conclusions are given in section 4.
Methodology

Model Setup 2.1.1. Global Ocean Model
The global ocean circulation is modeled with the Ocean Model for Circulation and Tides (OMCT) [Thomas et al., 2001] . OMCT is a baroclinic model which incorporates nonlinear balance equations for momentum, the continuity equation, and conservation equations for heat and salt. A resolution of 1.8758 in longitude and latitude and 13 layers in the vertical are used. The time stepping is set to 30 min. Additionally, the Boussinesq and the hydrostatic approximations are applied. Artificial mass changes due to the Boussinesq approximation are corrected, as suggested by Greatbatch [1994] . The model is forced with heat-flux, wind stress, surface-pressure, precipitation, and evaporation. The forcing is provided by 6-hourly ERA-Interim reanalysis products from the European Centre for Medium-Range Weather Forecasts (ECMWF) [Dee et al., 2011] . Since this study focuses on motional induction due to ocean circulation, ocean tides are not considered in this configuration of the OMCT.
The OMCT is used in several studies [e.g., Dobslaw and Thomas, 2007; Dostal et al., 2012; Dobslaw et al., 2013; Saynisch et al., 2014; Irrgang et al., 2016] and is considered to realistically resolve the main features of ocean global circulation. In the current configuration, the OMCT does not resolve small-scale features, which also affect motional induction in the ocean [e.g., Lilley et al., 1993] . However, due to smoothing effects by the upwardly continuation to satellite altitude, small-scale features that are visible in the motionally induced magnetic field at sea surface are blurred with increasing height [Vennerstrom et al., 2005; Manoj et al., 2006] . Therefore, the used resolution is justifiable, since the focus of this study lies on the large-scale features that are apparent at both sea surface and satellite altitude.
Electromagnetic Induction Model
The electromagnetic induction model calculates the radial component of the primary motionally induced poloidal magnetic field. The poloidal component of the motionally induced magnetic field reaches outside the ocean and can be calculated at sea surface and satellite altitude. The focus of this study solely lies on the oceanic induced magnetic signals, which directly originate from large-scale ocean global circulation and which can, in principle, be measured outside the ocean. Therefore, the primary toroidal component of the oceanic induced magnetic field is not considered in this study, as it is confined to the ocean. Likewise, secondary poloidal magnetic signals, which are generated by coupling effects of the primary toroidal signal and large conductivity contrasts at continental borders [Dostal et al., 2012; Szuts, 2010] , are not considered.
The model utilizes a 2-D induction equation and follows a similar approach as described in Vivier et al. [2004] and Tyler et al. [1997] . The ocean basin is approximated by a thin horizontal shell which contains conductivity-weighted and subsequently depth-integrated horizontal ocean flow velocities. Vertical ocean flow velocities are neglected. The atmosphere and upper mantle are treated as insulators [Vivier et al., 2004; Parkinson and Hutton, 1989] . The thin shell is allowed to include an underlying layer of conductive sediments. Therefore, a global sediment conductance map has been derived using the method described by Everett et al. [2003] and sediment thicknesses obtained from Laske and Masters [1997] . Based on Ampere's Law and Ohm's Law, the induced electric currents in the thin shell are given by an electric stream function w e , which leads to a scalar model equation [Vivier et al., 2004] :
Here h is the variable height of the thin shell according to the bathymetry, R is the depth-integrated conductivity of the water column and underlying sediments, r is the conductivity at a given point ð/; #; zÞ, F z is the radial part of the ambient geomagnetic field, and u H is the horizontal ocean flow velocity. F z is derived from the POMME-6 Magnetic Model of the Earth [Maus et al., 2010] and u H is prognostically calculated with the OMCT. The poloidal oceanic induced magnetic field b r is derived from the stream function w e using spherical harmonic expansion:
Here / and # are longitudinal and colatitudinal coordinates on the sphere, l 0 is the permeability of free space, a is the Earth's radius, r is the height above sea level, and w jm and Y jm ð/; #Þ are the spherical harmonic coefficients and functions. The indices j and m are degree and order of the spherical harmonics. The spherical harmonic coefficients are calculated as described by Driscoll and Healy [1994] . The degree and order of the spherical harmonic expansion j max is limited to 47, in order to prevent aliasing effects due to grid transformations [Driscoll and Healy, 1994] .
Ensemble Simulations
The input data that are utilized to initialize and force the two described models contain uncertainty and error correlation. The sources of these uncertainties are manifold and affect both the initial state of the model and the trajectory of the model. To estimate these uncertainties and their effect on the motionally induced magnetic field, an ensemble-based model approach is carried out, as suggested by Evensen [1994] . The ensemble members, i.e., the model realizations, differ from each other by the initial OMCT model state x 0 , wind stress, geomagnetic field, and sediment conductance (see Figure 1 ). The spread of the ensemble, i.e., the cross-ensemble variance, arises due to these different initial states and the respective response of the model dynamics to the forcings. The analysis of the ensemble spread allows to quantify amount, spatial patterns, and the temporal evolution of the uncertainty of the motionally induced magnetic field.
The ensemble and its initial spread are generated from the initial model error, which is represented by the error covariance matrix P 0 . Since the error covariance matrix of an ocean general circulation model (OGCM) is high-dimensional, a reduced-rank approximation of the error covariance matrix P 0 (in decomposed form) is utilized, i.e.,P
This low-rank approximation only considers the r largest eigenmodes of the covariance matrix P 0 . More specifically, an error subspace is defined by the most significant directions of uncertainty [Nerger et al., 2005] . Consequently, the r 3 r diagonal matrix U 0 contains the r largest eigenvalues of P 0 and the n 3 r matrix V 0 contains the corresponding eigenvectors. This projection onto an error subspace allows the usage of (usually) much smaller ensemble sizes to sample P 0 realistically [Nerger et al., 2007] . Consequently, an ensemble Journal of Geophysical Research: Oceans 10.1002/2016JC011633 fx 1 0 ; . . .; x r11 0 g of minimum size is generated from the r largest eigenmodes by second-order exact sampling [Pham, 2001] :
for a51; . . .; r11. The matrix C 0 is chosen such that U 0 5C T 0 C 0 and X 0 is a (r 1 1) 3 r random matrix chosen such that the columns are orthonormal to each other and orthogonal to the vector ð1; . . .; 1Þ T . ðX T 0 Þ ðaÞ is the ath column of X T 0 . This construction ensures that the statistics of the ensemble replicate the initial model error (in second-order exact sense), i.e.,P
The cross-ensemble mean x a 0 represents the best estimate of the model state. The notation of the ensemble generation follows Nerger et al. [2005] , who also provide additional information on the mathematical background.
This approach leads to a systematically generated ensemble of model trajectories (see Figure 1 ). In this study, an ensemble size of 16 is used. Larger ensemble sizes did not change the results. The state vector x 0 is chosen to consist of the following components that are (directly and indirectly) necessary to calculate the motionally induced magnetic field (cf. equation (1)): 3D-fields of zonal ocean flow velocity u, meridional ocean flow velocity v, salinity S, ocean temperature T; and 2D-fields of zonal wind stress s x , meridional wind stress s y , radial component of the ambient geomagnetic field F z , and oceanic sediment conductance R sed (as a part of R). The components u, v, S, and T are dynamically simulated with the OMCT, whereas s x , s y , F z , and R sed are added via input data. s x , s y , F z , and R sed are included in the state vector to account for errors in the input data. The forcings (s x , s y , F z , and R sed ) of all ensemble members differ according to equation (4). Consequently, a specific field (depending on the error scenario) is added to the read-in forcings for each ensemble member (see yellow boxes in Figure 1 and Saynisch et al. [2014] ). s x , s y , and their errors are assumed to vary in time, whereas F z , R sed , and their errors are assumed to be constant in time. The initial state of each ensemble member is propagated through time with the full nonlinear ocean model and the respective forcings (dark blue box in Figure 1 ). The initial variance, i.e., the initial spread, of this ensemble equals (in second-order exact sense) to the prescribed uncertainties in P 0 (see error scenarios in the Journal of Geophysical Research: Oceans 10.1002/2016JC011633 following section). Note that due to the nonlinearity and internal dynamics of the ocean model, even small differences between the initial state of two ensemble members can eventually lead to very large differences between the two trajectories.
Experiment Design
The truncated error covariance matrixP 0 characterizes the main uncertainties in the input data and in the initial state of the ocean model. The estimation of realistic values forP 0 is a challenge. Therefore, three experiments with different error scenarios, i.e., different error covariance matrices, are performed over the simulation period of 1 year. The wind stress forcing has deficiencies on spatial and temporal scales. Compared to the wind stress values, the errors easily exceed 20% and often reach maxima as large as the modeled stress itself [Chaudhuri et al., 2013] . It is expected to introduce a major source of (temporally variable) error [see also Saynisch et al., 2014] .
The first experiment is called ONE-FORC. In ONE-FORC, it is assumed that eventually the atmospheric forcing can be completely wrong. The temporal covariances are calculated from the ERA-Interim atmospheric forcing data for wind stresses s x and s y . This atmospheric forcing data set is the same that forces the OMCT. Consequently,P 0 contains the temporal covariances of s x and s y that force the ocean model.
The second experiment is called TWO-FORC. The Climate Forecast System Reanalysis (CFSR) [Saha et al., 2010] product from the National Centers for Environmental Prediction (NCEP) is used as an additional atmospheric data set. To estimate the errors, the CFSR and the ERA-Interim wind stresses are subtracted from each other to gain a daily data set of differences between the two reanalysis products. Consequently, P 0 contains the temporal covariances of this data set of differences. Unlike the ONE-FORC experiment, the TWO-FORC experiment also accounts for uncertainties that arise from fundamental distinctions between the two reanalysis products.
ONE-FORC and TWO-FORC are extreme cases of a range of error estimation techniques. Both are commonly used [e.g., Evensen, 1994; Pham et al., 1998; Nerger et al., 2006; Saynisch and Thomas, 2012; Saynisch et al., 2014] .
The third experiment is called NO-FORC. In this experiment, it is assumed that the atmospheric forcing is correct, i.e., no source of error is introduced into the modeling by the atmospheric forcing. Therefore, the NO-FORC experiment describes the influence of uncertainties in the oceanic sediments and in the geomagnetic field in the overall error budget. In contrast to ONE-FORC and TWO-FORC, the added term ffiffiffiffiffiffiffiffi ffi r11 (4) is set to zero for the wind stress components s x and s y in all 16 realizations of the state vector x a 0 . Consequently, the uncertainties in the wind stresses are neither considered for the spanning of the initial state ensemble, nor during the model propagation.
The entries of the error covariance matrices in each experiment vary due to different estimates of uncertainties in the wind stress components of the atmospheric forcing. To account for possible temporal variations in the wind stress uncertainty, the error covariance matrices are computed on a monthly basis for each experiment. Utilizing a single annual error covariance matrix could lead to a wrong ensemble spread. In this case, uncertainties that are only present during a certain time period of the year can influence the spread of the ensemble over the whole simulation period. A set of monthly error covariance matrices allows to estimate the spatial and temporal (e.g., seasonal) occurrence of uncertainties more flexibly and accurately. Each monthly error covariance matrix is calculated from a 3 month time interval of daily anomalies. For example, the error covariance matrix of January is calculated from the temporal covariances of the time interval December-January-February. A 3 month time interval ensures a sufficiently large sample size for the calculation of the temporal covariances. The time intervals of two consecutive error covariance matrices partly coincide. This overlap ensures a smooth transition between the monthly covariances.
The contribution to the uncertainties in F z and R sed is identical for all three experiments. The covariance of F z is derived from the secular variation of the ambient geomagnetic field. The influence of the uncertainty in the ambient geomagnetic field is considered to be negligible in the context of this study. Maus et al.
[2010] estimate a root mean square uncertainty of 1.3 nT for the main geomagnetic field (up to 65,000 nT) and 26 nT/a for the secular variation. The authors state that a significant accumulation of these errors and resulting effect on motional induction in the ocean is only expected for longer time scales, e.g., decadal or millennial time scales. Nevertheless, the uncertainty of F z is considered in order to ensure consistency of the experiment design. For the sediment conductance, few information are available that can be utilized for Figure 2 . The values show signal-tonoise ratios [e.g., Helstrom et al., 2013] between the absolute estimated uncertainty (noise) as described above, and the mean values (signal) of the input data over the 3 month time interval (December-January-February). The signal-to-noise ratios are calculated on a logarithmic scale according to 10 Á log 10 signal 2 noise 2 :
In this sense, 0 dB is equivalent to 100% noise, 20 dB is equivalent to 10% noise, and 40 dB is equivalent to 1% noise. In contrast to the calculation of percentage fractions noise signal , signal-to-noise ratios circumvent (Figure 2, top and middle) . In many regions, the ONE-FORC wind stress uncertainty is 2 orders of magnitude larger than the TWO-FORC uncertainty. Due to the consideration of two different reanalysis data sets, the wind stress uncertainty shows much noisier patterns in TWO-FORC than in ONE-FORC. The estimated wind stress uncertainties derived for the remaining monthly covariance matrices (February-December) differ according to the wind stress dynamics in the respective time intervals. Compared to the wind stress, the uncertainties in the oceanic sediments and in the geomagnetic field are generally low with signal-to-noise ratios mostly below 10% for the oceanic sediments and below 1% for the geomagnetic field (Figure 2, bottom) .
Consistent with the atmospheric forcing covariance matrix of January, the uncertainty of the initial state of the OMCT (u, v, S, T) is sampled by the respective covariances from the enclosing time interval December-January-February. The motionally induced magnetic field of each ensemble member and the spread of the ensemble are calculated and stored once per day. The relative amount of uncertainty in the motionally induced magnetic field is calculated by deriving daily signal-to-noise ratios between the ensemble mean of the motionally induced magnetic field (signal) and the ensemble spread (noise).
Results and Discussion
Annual Mean and Maximum Uncertainties
The annual ONE-FORC ensemble mean of the motionally induced magnetic field at the sea surface is depicted in Figure 3 As a result, it is concluded that uncertainties in the wind stress components of the atmospheric forcing are the major source of the uncertainties in the motionally induced magnetic field (with respect to the considered error budgets, as described in section 2.3).
The differences in the strength and spatial patterns between the ONE-FORC and the TWO-FORC experiments can be explained by the different assumptions for the calculation of the error covariance matrices (see section 2.3 and Figure 2 ). In the ONE-FORC experiment, the uncertainty in the wind stress is approximated by the temporal variances and covariances of the respective time series. As a consequence, the introduced uncertainties are probably overestimated. In the TWO-FORC experiment, the error covariances are based on the differences between the CFSR and ERA-Interim atmospheric forcing data sets. Ideally, these differences account for various uncertainties in the wind stresses, e.g., errors in the atmospheric modeling, errors due to numerical schemes, errors due to different spatiotemporal availability of observational data, or errors due to different data assimilation schemes. Both the ERA-Interim and the CFSR data sets are reanalysis products that merge atmospheric models and observations. The observations are assimilated by a 4DVar scheme into the ERA-Interim product [Dee et al., 2011] and by a 3DVar scheme into the CFSR product [Saha et al., 2010] . Decker et al. [2012] have shown that the two reanalysis products exhibit many differences on varying spatiotemporal scales and, in particular, at regional spatial scales. In principle, large uncertainties in specific regions in the atmospheric forcing can create large uncertainties in the ocean circulation patterns in the respective regions [Chaudhuri et al., 2013] . However, on a global scale and during the considered time scales in this study, the differences between ERA-Interim and CFSR wind stresses in the TWO-FORC experiment lead to a small ensemble spread of the motionally induced magnetic field. The consideration of additional atmospheric forcing data sets could further enhance the error budget and cover more error sources. In this context, the TWO-FORC ensemble spread probably provides an underestimated uncertainty in the motionally induced magnetic field. In summary, it can be concluded that the ONE-FORC and TWO-FORC experiments yield first upper and lower limits (i.e., a reasonable range) of the uncertainty in the motionally induced magnetic field. The ONE-FORC ensemble spread and its spatial distribution show large seasonal variations ( Figure 6 ). The largest values occur in the area of the Antarctic Circumpolar Current during the summer season. Two major patterns are apparent in the South Indian Ocean and in the South Pacific Ocean. In the South Indian Ocean, peak values of up to 0.6 nT occur. In the South Pacific Ocean, the major pattern shows values between 0.2 and 0.4 nT. During the autumn season, the mean ONE-FORC ensemble spread shows a general decrease in the southern hemisphere. The major feature in the South Indian Ocean is still visible and reaches peak values of up to 0.5 nT. In the South Pacific Ocean, peak values up to 0.3 nT occur. The lowest ONE-FORC ensemble spread in the southern hemisphere occurs during the winter season. The major feature that is visible in the South Indian Ocean during the summer and autumn seasons is absent in the winter season. The highest values reach up to 0.3 nT in the South Indian Ocean and up to 0.2 nT in the South Pacific Ocean. In the spring season, the mean ONE-FORC ensemble spread increases again. In contrast to the seasonal changes in the southern hemisphere, the mean ONE-FORC ensemble spread shows converse seasonal variations on the northern hemisphere. The lowest mean ONE-FORC ensemble spread is apparent during the summer season with peak values below 0.1 nT. The highest mean ONE-FORC ensemble spread is visible during the winter season with peak values up to 0.2 nT in the North Pacific Ocean. In summary, the ONE-FORC ensemble spread shows distinct seasonal variations with peak values during the summer season in the southern hemisphere (ACC region) and during the winter season on the northern hemisphere (Kuroshio region).
The TWO-FORC ensemble spread shows a much more static behavior in both the seasonal variations and its spatial distribution (Figure 7) . The values for all seasons lie in a comparable range of up to 0.1 nT. In all four seasons, similar patterns with peak values up to 0.1 nT are visible in the South Indian Ocean, south-east of Greenland, and north-east, east, and south-east of Australia. Additional features with values around 0.05 nT are visible throughout all seasons in the Indian Ocean, West Pacific Ocean, South-east Pacific Ocean, North Atlantic Ocean, and east of the Drake passage. On a global scale, the seasonal mean ONE-FORC and TWO-FORC signal-to-noise ratios show a distinct partition with low values on the northern hemisphere and high values in the southern hemisphere. This pattern can be explained by the structure of the ocean global circulation induced magnetic field (Figure 3) . In particular, the two major features of the motionally induced magnetic field are visible as high-value regions in the South Indian Ocean and in the South Pacific Ocean (compare Figure 3 with Figures 8 and 9 ). In these areas, the highest signal-to-noise ratios occur.
The highest ONE-FORC signal-to-noise ratios lie in the range from 15 to 25 dB in the South Indian Ocean and from 10 to 25 dB in the South Pacific Ocean (Figure 8) . The lowest ONE-FORC signal-to-noise ratios in the range of 25 to 10 dB occur in equatorial regions, North Indian Ocean, North Pacific Ocean, and North Atlantic Ocean. Some regions gain particular interest, as they retain a signal-to-noise ratio of around 20 dB or higher throughout all seasons, i.e., in the South Indian Ocean, around Japan, in the South Pacific Ocean around New Zealand, in the Mediterranean Sea, and east of the Drake Passage.
As described in section 3.2, the TWO-FORC ensemble spread is much smaller than the ONE-FORC ensemble spread. Consequently, higher TWO-FORC signal-to-noise ratios occur in all regions (Figure 9 ). Peak values in the range of 25-40 dB are found to occur in the South Indian Ocean, South Pacific Ocean, and South Atlantic Ocean. These patterns show a general match with the areas of highest ONE-FORC signal-to-noise ratios in the southern hemisphere. Large-scale features with a low signal-to-noise ratio in the range between 5 and 15 dB are visible in the North Indian Ocean, northern equatorial region of the Atlantic and Pacific Ocean, North Pacific Ocean, and south-east of Greenland. As in the ONE-FORC experiment, some regions retain a low uncertainty throughout the year, e.g., in the South Indian Ocean, in the area of the Kuroshio Current, in the South Pacific Ocean, east of the Drake Passage, and in the South Atlantic Ocean.
The presented results reveal spatiotemporal patterns that are either highly or minimally sensitive toward the introduced uncertainties. Although the ONE-FORC and TWO-FORC ensemble spreads ( Figures 6 and  7) show by far the largest range in the area of the Antarctic Circumpolar Current, the ONE-FORC and TWO-FORC signal-to-noise ratios show the lowest amount of noise in these areas (Figures 8 and 9 ). The exact opposite is found in many regions on the northern hemisphere. These results are due to the spatial distribution of the signal strength of the motionally induced magnetic field (Figure 3) . The Antarctic Circumpolar Current is the strongest ocean current and generates the largest magnetic signals (Figure 3) . In turn, the large ONE-FORC ensemble spread in these areas (Figure 4 ) result in a large signal-to-noise ratio of the magnetic field. On the contrary, even the small TWO-FORC ensemble spread ( Figure 5 ) results in a considerable small signal-to-noise ratio of the magnetic field on the northern hemisphere ( Figure 9 ).
The results of this study suggest that the aggregated influence of the various introduced uncertainties on motional induction in the ocean is very diverse. However, despite the varying assumptions for the uncertainty in the atmospheric forcing, the ONE-FORC and TWO-FORC experiments show coinciding regions where the signal-to-noise ratios remain either large or small throughout all seasons. These regions are identified as either nonsensitive or sensitive toward the introduced uncertainties. Especially the nonsensitive areas, i.e., regions in which the uncertainty in the motionally induced magnetic field remains low, are of interest. Regions in which the modeled motionally induced magnetic field is found reliable (within uncertainty limits) allows the most reasonable comparison with observational data. Also the assimilation of observational data into a model is most promising in regions of a low and well-known uncertainty. As described in section 3.1, the derived ONE-FORC and TWO-FORC uncertainties describe upper and lower limits of a realistic range of the uncertainties. In the setting of this study, the main contribution is caused by the wind stress from the atmospheric forcing. To further narrow the presented range of uncertainties, additional constraints for the error budgets in the atmospheric forcing need to be included in the error covariance matrices.
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Summary and Conclusion
The modeling of the ocean global circulation induced magnetic field is affected by various errors that are introduced through input data and modeling deficiencies. In this study, ensemble simulations over one annual cycle are carried out to estimate the uncertainty in the modeling of the magnetic field that is induced by ocean global circulation. Both spatial patterns and seasonal variations of the uncertainty in the so-called motionally induced magnetic field are investigated. Furthermore, distinct regions are identified in the motionally induced magnetic field, which are only minimally sensitive toward introduced uncertainties.
To calculate the motionally induced magnetic field, a one-sided coupling of an ocean global circulation model and an electromagnetic induction model is used. The initial state and its prescribed uncertainty are assumed to resemble a normal probability density distribution, which is sampled by an ensemble of model realizations. The ensemble mean and spread are generated systematically and approximate the error statistics of the initial probability density distribution. To span this ensemble, error covariance matrices are calculated, which account for error budgets in zonal ocean flow velocity, meridional ocean flow velocity, zonal wind stress, meridional wind stress, ocean temperature, salinity, radial component of the ambient geomagnetic field, and oceanic sediment conductance. The analysis of the ensemble spread allows to investigate the aggregated effect of the introduced uncertainties on the motional induction. In addition, the predominant source of uncertainty is identified.
The global annual mean ensemble spread of the motionally induced magnetic field ranges from 0.1 to 0.4 nT. The largest mean values occur in the area of the Antarctic Circumpolar Current, especially in South Indian Ocean and in the South Pacific Ocean. The largest annual maximum ensemble spread reaches values in the range of 0.2-0.7 nT in the South Indian Ocean. In the South Pacific Ocean, the largest annual maximum ensemble spread reaches values in the range of 0.15-0.5 nT. In these areas, the relative amount of uncertainty (signal-to-noise ratio between the signal strength of the motionally induced magnetic field and its ensemble spread) lies in the range of 1%-10%. However, on the northern hemisphere, the overall smaller ensemble spreads result in much higher signal-to-noise ratios. In particular, large-scale regions with signalto-noise ratios of 30% or higher occur in the North Indian Ocean, North Pacific Ocean, and North Atlantic Ocean. The described range of uncertainty in the motionally induced magnetic field is found to predominantly originate from the uncertainty in the wind stresses that force the wind-driven ocean circulation.
The experiments demonstrate that the motionally induced magnetic field reacts very sensitively toward introduced uncertainties. Nevertheless, some regions appear to be minimally sensitive, i.e., a small uncertainty is retained throughout all simulation experiments. These regions are found to occur in the South Indian Ocean, South Pacific Ocean, around Japan, and in the South Atlantic Ocean.
Motionally induced magnetic fields may be utilized as indirect observations of ocean global circulation. To understand the spatiotemporal behavior of the induced magnetic field, the numerical modeling of this process is essential. This study highlights that the modeling of motional induction due to ocean global circulation is subject to various errors. For many applications, the knowledge about uncertainties in the modeling is crucial, e.g., the comparison of observational data and model results, or for data assimilation purposes. In this context, the revealed minimally sensitive patterns in the oceanic induced magnetic field may serve as candidate regions for promising future studies of motional induction in the ocean. The inclusion of additional error budgets may further constrain the range of a realistic estimation of the uncertainty in the motionally induced magnetic field (e.g., error information on conductivity structures in the mantle of the Earth).
